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1

ELECTRICITY GENERATION FROM LOW
GRADE WASTE HEAT

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to and the benefit
of U.S. Provisional Patent Application No. 62/646,612 filed

Mar. 22, 2018, which application 1s herein incorporated by
reference in 1ts entirety.

BACKGROUND OF THE INVENTION

1. The Field of the Invention

The present mnvention 1s 1n the field of electricity genera-
tion, more particularly electrical generation from low grade
heat using directional solvent extraction (DSE) combined
with any of various processes for generating electrical power
from the resulting salinity gradient.

2. The Relevant Technology

The ability to harvest low-grade waste heat has been
historically challenging and has attracted intensive research
activities. A main technology 1s solid-state thermoelectric
generation, but i1ts deployment 1s currently hindered by
problems including low efliciency and reliability of thermo-
clectric materials, as well as high costs. Thermal charging of
batteries 1s another technology that can potentially convert
low temperature heat to electricity, but such technologies are
still 1n the very early stages of research, and imnvolve the use
of exotic materials that are available in only small quantities.

Use of a salinity gradient to generate electricity may be
possible, e.g., relying on the salinity difference between
river water and seawater. However, a major challenge in
such systems would be the expense of the membranes used
in such plants. Use of natural water streams necessitates
stringent pre-treatment of such water streams before intro-
duction 1nto the system, and bio-fouling of the membrane 1s
unavoidable, as a practical matter. In addition, such plants
are limited by the salimity difference (about 3.5%) between
the available seawater and river water sources.

As such, there exists a continuing need for improved
systems which may offer greater efliciency, greater simplic-
ity, and lower costs.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s directed to systems for generat-
ing electricity from low grade (e.g., waste) heat. The system
may couple a directional solvent extraction process with any
of various processes for generating electricity from a salinity
gradient that 1s generated during the direction solvent extrac-
tion portion of the system. One such process for electrical
generation from a salinity gradient may include a pressure
retarded osmosis process. Another may include a reverse
clectro-dialysis process. In an implementation, the system
may include a heated medium salimity liquid stream (e.g.,
including water, a salt, and an 1on-stripping liquid), a first
separation tank for separating the medium salinity liquad
stream 1mto a high salimity liquid stream including an
clevated concentration of the salt, and a supernatant stream
that includes the water and the ion-stripping liquid. The
supernatant stream may include little if any of the salt. The
first separation tank may include a first outlet for extracting
the high-salinity liquid stream from the separation tank, and
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a second outlet for extracting the supernatant stream from
the separation tank. A second separation tank may also be
provided for separating the supernatant stream into a low
salinity liquid stream including water, and an 1on-stripping
liguid stream including the 1on-stripping liquid. The first
separation tank may operate at an elevated temperature (e.g.,
where contents are heated by low grade heat, for example to
40-80° C.), while the second separation tank 1s at a lower
temperature (e.g., at 20° C. to 40° C.). By way of example,
the diflerence 1n temperature between such separation tanks
may be at least 5° C., at least 10° C., such as from 10° C. to
50° C., or 15° C. to 40° C.

The high salinity liquid stream and low salinity liquid
stream as generated from the directional solvent extraction
portion of the process can be fed into a variety of systems
configured to use the salinity gradient between such streams
to generate electricity. For example, one such system may be
configured as a pressure retarded osmosis (“PRO”) process.
Another system may be configured as a reverse electro-
dialysis (“RED”’) process. Various other processes for gen-
erating electricity from a salinity gradient may alternatively
be used, as will be apparent to those of skill 1n the art. In a
PRO process (or any of the processes relying on the salinity
gradient to generate electricity), a first chamber may be
provided for receiving the low salinity liquid stream, and a
second chamber for receiving the high salinity liquid stream,
where the first and second chambers are separated by a
semipermeable membrane. The semipermeable membrane
may allow flow of water therethrough, but not the salt. In a
PRO process, because the low salinity liquid 1n the first
chamber 1ncludes substantially pure water, water will follow
the salinity gradient, flowing into the high salinity liquid of
the second chamber, which will cause the pressurization of
the liquid 1n the second chamber. The theoretical water
potential, e.g., between even pure water and sea water (e.g.,
with about 4% salinity) 1s about 26 bars. The pressurized
high salinity solution can be used to drive a hydroturbine,
generating electrical power. After such power generation,
the high and low salinity streams may exit the chambers of
the osmosis process, to be combined, for mixing with the
ion-stripping liquid, starting the process again. It will be
apparent that such a process can be carried out as a “con-
tinuous” (rather than batch) process, as that term 1s under-
stood by those of skill in the engineering art. The system can
also work 1 a closed loop, where risk of bio-fouling and
other contamination of any membrane 1s reduced or mini-
mized. As the working fluid 1s completely cycled (with no
additions) there 1s no need for any pre-treatment.

A reverse electro-dialysis (“RED”) process may also be
used to generate electricity from the salinity gradient. A
RED process or module may similarly include a first cham-
ber for recerving the low salimity liquid stream, and a second
chamber for receiving the high salimity liquid stream, where
the first and second chambers are separated by a semiper-
meable membrane. Each chamber may include an electrode
therein, configured to generate electricity through 1on
exchange and reaction at the electrodes of the RED module.
Combinations of such processes (e.g., a PRO process and an
RED process) could also be used for electricity generation.
As 1n the previously described PRO process, exit streams of
the low salinity liquid stream and the high salimity liquid
stream from the chambers may subsequently be mixed with
the 1on-stripping liquid stream, starting the process again.

Further features and advantages of the present invention
will become apparent to those of ordinary skill in the art in
view ol the detailed description of preferred embodiments
below.
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3
BRIEF DESCRIPTION OF THE DRAWINGS

To further claniy the above and other advantages and
teatures of the present invention, a more particular descrip-
tion of the invention will be rendered by reference to specific
embodiments thereol which are illustrated in the drawings
located 1n the specification. It 1s appreciated that these
drawings depict only typical embodiments of the invention
and are therefore not to be considered limiting of 1ts scope.
The 1invention will be described and explained with addi-
tional specificity and detail through the use of the accom-
panying drawings.

FIG. 1 schematically illustrates an exemplary process that
combines directional solvent extraction (DSE) and pressure
retarded osmosis (PRO) for electrical power generation from
low grade waste heat.

FI1G. 2 shows how salt concentration of the input solution
to the DSE affects specific power generation (kWh/m® of
fresh water).

FI1G. 3 shows product water yield percentage as a function
of temperature, for two exemplary carboxylic acids (oc-
tanoic acid and decanoic acid).

FIG. 4 A shows thermal energy consumption for an exem-
plary process, for different organic acids, with and without
heat recovery, as a function of highest process temperature.

FIG. 4B shows electrical energy consumption for various
portions of an exemplary process, as a function of highest
process temperature.

FIG. 5 schematically illustrates the DSE portion of an
exemplary process, without heat recovery.

FIG. 6 shows thermal energy consumption for the process
of FIG. §, without heat recovery, as a function of water yield
(Y), where the highest process temperature 1s 80° C. Y 1s
defined as the ratio of (1) mass of produced low salinity
water to (1) mass of solvent used 1n one cycle, at a given
temperature difference.

FIG. 7 schematically illustrates the DSE portion of an
exemplary process, with heat recovery.

FIG. 8 shows thermal energy consumption for the process
of FIG. 7, with heat recovery, as a function of water yield,
where the highest process temperature 1s 80° C. and at a heat
exchanger efliciency of 80%.

FI1G. 9 shows thermal energy consumption for the process
of FIG. 7, with heat recovery, as a function of heat exchanger
clliciency, where the highest process temperature 1s 80° C.
and at a water yield of 32%. Such 1s achievable where an
ion-stripping liquid with a water yield 10x better than that of
octanoic acid 1s used. So called 1onic liquids can provide
such results.

FIG. 10 shows electrical energy consumption for the
process of FIG. 7, with heat recovery, as a function of water
yield, where the highest process temperature 1s 80° C. and at
a heat exchanger efliciency of 80%.

FIG. 11 schematically illustrates an exemplary process
that combines directional solvent extraction (DSE) and
reverse electro-dialysis for electrical power generation from
low grade waste heat.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

I. Definitions

Before describing the present invention 1n detail, 1t 1s to
be understood that this mvention 1s not limited to particu-
larly exemplified systems or process parameters that may, of
course, vary. It 1s also to be understood that the terminology
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used herein 1s for the purpose of describing particular
embodiments of the invention only, and 1s not mtended to
limit the scope of the mnvention in any manner.

All publications, patents and patent applications cited
herein, whether supra or inira, are hereby incorporated by
reference 1n their entirety to the same extent as 1l each
individual publication, patent or patent application was
specifically and individually indicated to be incorporated by
reference.

The term “comprising,” which 1s synonymous with
“including,” “containing,” or “characterized by,” 1s inclusive
or open-ended and does not exclude additional, unrecited
clements or method steps.

The term “consisting essentially of” limits the scope of a
claim to the specified materials or steps “and those that do
not materially atfect the basic and novel characteristic(s)” of
the claimed invention.

The term “consisting of” as used herein, excludes any
clement, step, or imngredient not specified in the claim.

It must be noted that, as used 1n this specification and the
appended claims, the singular forms *“a,” “an” and “the”
include plural referents unless the content clearly dictates
otherwise.

Numbers, percentages, ratios, or other values stated
herein may include that value, and also other values that are
about or approximately the stated value, as would be appre-
ciated by one of ordinary skill 1n the art. As such, all values
herein are understood to be modified by the term “about”. A
stated value should therefore be iterpreted broadly enough
to encompass values that are at least close enough to the
stated value to perform a desired function or achieve a
desired result, and/or values that round to the stated value.
The stated values include at least the variation to be expected
in a typical manufacturing process, and may include values
that are within 10%, within 5%, within 1%, etc. of a stated
value. Furthermore, where used, the terms “substantially™,
“stmilarly”, “about” or “approximately” represent an
amount or state close to the stated amount or state that still
performs a desired function or achieves a desired result. For
example, the term “substantially” *“about” or “approxi-
mately” may refer to an amount that 1s within 10% of, within
5% of, or within 1% of, a stated amount or value.

Some ranges may be disclosed herein. Additional ranges
may be defined between any values disclosed herein as
being exemplary of a particular parameter. All such ranges
are contemplated and within the scope of the present dis-
closure.

Unless otherwise stated, all percentages described herein
are by weight.

In some embodiments, the films and compositions
described herein may be free or substantially free from any
specific components not mentioned within this specification.
By ‘substantially free of” 1t 1s meant that the composition or
article preferably comprises 0% of the stated component,
although 1t will be appreciated that very small concentra-
tions may possibly be present, e.g., through incidental
formation, contamination, or even by intentional addition.
Such components may be present, 11 at all, 1n amounts of less
than 1%, less than 0.5%, less than 0.25%, less than 0.1%,
less than 0.05%, less than 0.01%, less than 0.005%, less than
0.001%, or less than 0.0001%.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. Although a number of methods and
materials similar or equivalent to those described herein can
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be used 1n the practice of the present invention, the pretferred
materials and methods are described herein.

II. Introduction

The present invention 1s directed to systems for generat-
ing electricity from low grade (e.g., waste) heat. The system
may couple directional solvent extraction (DSE) with one or
more processes for generating electricity from the salinity
gradient that results from the DSE portion of the process.
One such process may include a pressure retarded osmosis
(“PRO”) process. Another may include a reverse electro-
dialysis (“RED”) process. In an implementation, the system
may include a heated medium salimity liquid stream (e.g.,
including water, a salt, and an 1on-stripping liquid), a first
separation tank for separating the medium salinity liquid
stream 1to a high salimity liquid stream including an
clevated concentration of the salt, and a supernatant stream
that includes the water and the ion-stripping liquid. Sub-
stantially all of the salt may be in the high salinity liquid
stream, such that the supernatant stream may include little 1f
any of the salt. The first separation tank may include a first
outlet for extracting the high-salinity liquid stream from the
separation tank, and a second outlet for extracting the
supernatant stream from the separation tank. A second
separation tank may also be provided for separating the
supernatant stream into a low salimity liquid stream 1nclud-
ing water, and an 1on-stripping liquid stream including the
ion-stripping liquid. The first separation tank may operate an
clevated temperature (e.g., 40-80° C., as heated by the low
grade heat), while the second separation tank 1s at a lower
temperature (e.g., at or near ambient temperature, such as
20°-40° C. or 25°-40° C.). The difference 1n temperature
between the first and second separation tanks may be at least
5° C., at least 10° C., such as 15° C. to 40° C.

The high and low salinity liquid streams can be fed into
any desired process for generating electricity, using the
salinity gradient provided by such streams exiting from the
DSE portion of the process. In a PRO process, the two
streams are fed into chambers that are separated by a
semipermeable membrane, which because of the salinity
gradient, allows water from the low salinity chamber to tlow
into the high salinity chamber, raising the pressure of the
high salinity chamber significantly. For example, the theo-
retical pressure gradient than can be generated based on
even a 3.5% to 4% salimity gradient (pure water versus
seawater) 1s 26 bars. The generated pressure can be used to
drive a hydroturbine, generating electricity.

In a RED process, the two streams embodying the salinity
gradient can be fed into respective chambers, also separated
by a semipermeable membrane, where electrodes are pro-
vided within each of the chambers, electrically connected to
one another. Electrical current tlow will result between the
clectrodes, because of the salinity gradient between the two
chambers.

In any such process, electrical generation efliciency may
be at least 3.6%, greater than 3.6%, such as at least 4%, at
least 4.25%, at least 4.5%, at least 4.75%, such as 3.7% to
10%, 4% to 10%, 4.5% to 8%, 4.5% to 7%, or 4.5% to 6%.

III. Exemplary Systems and Processes

FIG. 1 illustrates an exemplary system and process 100
for generating electricity from low grade heat, such as waste
heat, solar heated water or another solar heated fluid, or the
like. For example, such low grade heat may be at a tem-
perature of no more than 100° C., no more than 95° C., no
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more than 90° C., no more than 85° C., or no more than 80°
C. Such low grade heat may be 1n the form of a warm waste
stream, e.g., o an 1industrial or other process (e.g., a heated
waste water stream or the like). Such temperatures of the
stream may also be achieved in other ways, e.g., through
solar heating or the like. The present systems provide a
mechanism to harvest the energy in such low grade heat
streams, to generate electricity, 1 a closed loop system that
does not require any inputs, and generates no waste material
outputs. Even though low grade heat may be used in heating
components used in the present process, 1t will be under-
stood that 1n some embodiments, heating to higher tempera-
tures could also be employed, e.g., using other heat sources
(e.g., combustion of fuels). By way of example, low grade
heat 1n the form of solar heating or warm industrial process
water (e.g., water typically fed to a cooling tower) could be
used to heat components to a first temperature (e.g., to 40°
C., 30° C., 60° C., 70° C. or the like), while a higher
temperature could then be achueved using another source of
heat (e.g., combustion of fuel or the like), e.g., heating to a
given highest process temperature that may be at a higher
temperature than may be obtainable from the low grade heat.
The highest process temperature of the present systems may
be, e.g., from 40-80° C., from 50-80° C., from 60-80° C., or
from 70-80° C.

The system and method may be configured as a closed
loop (1.e., a sealed system), so as to recycle the same fluid
(e.g., liqud) materials continuously, without requiring input
ol any materials into the closed loop throughout operation of
the system or method. For example, the system and method
may employ a liquid stream that includes water and an
organic 10n stripping liquid (ISL) (also referred to herein as
a directional solvent), and a salt that 1s dissolvable into the
water. Although water 1s principally described as the solvent
into which the salt 1s dissolved, 1t will be appreciated that
other liquids may potentially be used, under the same
principle.

When the liquid maxture of the salt, water, and the
ion-stripping liquid 1s heated (e.g., using the low grade heat),
water molecules dissolve more readily (i.e., preferentially)
into the ISL, due to the increased solubility of the water 1n
the ISL, at increased temperature. The salt preferably has
little 1f any solubility in the ISL. For example, any solubility
of the salt in the ISL may be substantially zero, and
negligible relative to the solubility of the salt in the water, in
order to ensure that the salt remains substantially with the
water phase, rather than in the ISL upon separation of the

two. For example, the solubility of the salt 1n the ISL may
be no more than 3%, no more than 3%, no more than 2%,
no more than 1%, no more than 0.5%, no more than 0.3%,
no more than 0.1%, no more than 0.05%, no more than
0.01%, no more than 0.005%, or no more than 0.001% of the
solubility of the salt in the water or other solvent employed
in 1ts place. In addition, the greater the increase in solubility
of the water 1n the ISL across the temperature differential
that can be achieved using the low grade heat (and/or other
heating), the more eflicient the overall process will be. In an
example, the difference 1n solubility of the water 1n the ISL
may be at least 10%, at least 25%, at least at least 30%, at
least 40%, at least 50%, at least 100%, at least 200%, at least
300%, at least 500%, at least 800%, at least 1000%, or at
least 1500%. Defined another way, the difference 1n such
solubility may be at least 5 percentage points, at least 10
percentage points, at least 15 percentage points, at least 20
percentage points, at least 30 percentage points, such as 10
to 50 percentage points. For example, if the solubility of
water 1n the ISL 1s 10% at the lower process temperature (in
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the second separation tank 114), 1t may be at least 30%, at
least 40%, or at least 50% at the highest process temperature
(in the first separation tank 110).

While many existing systems that may employ similar
principles (e.g., in desalination or the like) are limited 1n the
choice of salt materials, or choice of ISL employed, greater
freedom 1n selection of such materials may be possible in the
following context, where drinking or agricultural irrigation
water 1s not being produced. For example, the ISL and/or
salt need not be non-toxic, as the system 1s closed, and the
water streams are not being used for human, animal or plant
consumption. Similarly, the ISL need not be entirely or
substantially undissolvable 1n the water or other solvent
used. In some embodiments, the selected ISL may exhibit
some miscibility 1n the water or other solvent, but will still
exhibit a diflerential 1n solubility at the different tempera-
tures of the two separation tanks, so as to be able to create
a salinity gradient between the high salinity stream exiting
the first separation tank and the low salimity stream exiting,
the second separation tank.

Exemplary 1on stripping liquids that may be suitable for
use, as they may provide for relatively large differences in
solubility 1n water as a function of temperature (e.g., par-
ticularly where such pronounced diflerence 1s at the con-
templated temperature ranges between 25° C. and 100° C.,
such as 30° C. and 80° C. or the like) include a vanety of
organic compounds including, but not limited to organic
acids, other fatty acids, amino acids, amines, alcohols, 10ni1c
liquids, and mixtures thereof. Exemplary organic acids may
be carboxylic acids with an aliphatic chain or other carbon
chain (e.g., alkenes, alkynes), which may be saturated or
unsaturated. Any such carbon chain of such acid or an
alcohol may include at least 4 carbon atoms, such as 4 to 20
carbon atoms, 6 to 14 carbon atoms, 6 to 12 carbon atoms,
or 6-10 carbon atoms (e.g., 6, 8, 10, or 12 carbon atoms).
Aromatic or other cyclic organic compounds (e.g., cyclo-
hexane, heterocyclic compounds, etc.) may also be suitable
for use. In addition to such carboxylic acids, various diglyc-
erides, triglycerides or other fatty acid esters, or various
other organic compounds which exhibit the desired solubil-
ity differential between a low and high process temperature
may also be suitable for use. The ISL may be a liquid at both
ambient temperature (e.g., 20-25° C.), as well as at the
clevated temperature to which heating 1s achieved using the
low grade heat (e.g., at up to 90° C., or 80° C., or 70° C., for
example).

Ionic liguids refer to 1onically bound compounds (where
at least eh amion 1s typically organic, including carbon-
carbon bonds) where the anion 1s 1onically bound to the
cation, but which are in a liquid state at the contemplated
temperatures (e.g., melting temperature below 100° C.,
below 90° C., below 80° C. or below whatever the hlghest
Process temperature of the present process 1s), such that the
ionic liquids are liquid at the contemplated process tempera-
tures and conditions. Examples of such materials include
compounds based on 1imidazoles substituted at the 1 and 3
positions with an alkyl group (e.g., 1-alkyl-3-alkylimidazo-
liums) such as 1-alkyl-3-methylimidazoliums, such as the
1 -ethyl-3-methylimidazolium (EMIM) cation. EMIM has
the structure shown below.
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Exemplary 1onic salts, some of which are based on
EMIM, include EMIM:Cl, EMIM  dicyanamide,
EMIM.T12N, 1-butyl-3-methylimidazolium hexatluoro-
phosphate ([BMIM]:PF,) and 1-butyl-3,5-dimethylpyri-
dinium bromide. It will be apparent that at least some such
ionic salts may include a cation based on an 1midazole
group, a pyridinium group, or other heterocyclic group.
Such 1imidazole pyridinium, or other heterocyclic anion may
be substituted. Various other cations may be used, so long as
the resulting salt 1s liqud at the contemplated processing
temperatures, and can be used as described herein to gen-
crate a high and low salinity stream because of significantly
increased solubility 1n water or another solvent or carrier at
different temperatures.

Additional exemplary cations that may be useful include

one or more of the following cations.
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Additional exemplary cations may include 1-alkylpyri-
dinium, N-methyl-N-alkylpyrrolidintum and ammonium
ions, or phosphonium Exemplary anions include various
halides and halogenaluminates, such as hexatluorophos-
phate, tetrafluoroborate, bistriflimide [CF,50,),N]~, bis(tri-
fluoromethylsulfonyl)imide (T12N), other imides, triflate,
and tosylate. Various organic anions, such as formates,
alkylsulfates, alkyphosphates, glycolates and the like may
also be suitable. Of course, any selected 10onic liquid will be
stable at the temperatures, and 1n compositions as described
for cycling herein.

While sodium chloride 1s an exemplary salt that may be
used, 1t will be appreciated that other salts may also be
suitable for use, and may provide for even higher salt
loading differentials. The salt will be soluble 1n water (or
whatever liquid 1s used in place thereof). Any of various
salts may also be suitable for use 1n the process. Exemplary
salts may include various halides, sulfates, phosphates,
acetates, nitrates, perchlorates, carbonates, hydroxides, or
other anions. Exemplary salts may exhibit complete or at
least relatively high solubility 1n water. Some carbonates, or
hydroxides having suflicient solubility may also be used.
Exemplary cationic portions for the salt may include an
alkal1 metal (e.g., sodium, potassium, lithium etc.), an alka-
line earth metal (e.g., calcium, magnesium, etc.), an ammo-
nium or other cations. Combinations of salts may be used.
Examples of suitable salts may have a solubility in the water
(or other solvent used) of at least 5% by weight (e.g., at the
given process temperature(s)).

Preferred ISL materials and salts will facilitate creation of
a large salt loading differential upon heating the medium
salinity liquid stream (1including water, the salt, and the ISL),
upon such stream’s separation into the supernatant phase
and the high salinity liquid phase. Such salt loading 1is
measured between the salt loading of the high salinity liquid
phase (e.g., greater than that of seawater, such as greater than
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5%, at least 8%, or at least 10% salt loading, such as 10%
to 50% salt loading by weight) as compared to the low
salinity liquid phase that separates out from the supernatant
phase upon cooling (e.g., in the second separation tank). The
low salinity liquid phase may include negligible salt content
(e.g., consist of substantially pure water).

For example, 1n the case of octanoic acid or an 1onic liquid
as the ISL and sodium chloride as the salt, suflicient water
from the mixture 1s dissolved in the ISL to result i a
significant increase in dissolved salt content 1in the water
phase of the mixture. Upon gravity induced separation, the
mixture may separate into a high salinity water phase (e.g.,
at the bottom of the separation tank) and a supernatant phase
that includes the 1on-stripping liquid, with water dissolved
therein. This separation tank may be maintained at a rela-

ively high temperature (e.g., 60° C.-100° C., 65° C. to 90°
C., or 70° C. to 80° C.), e.g., achieved by heating using the
low grade heat. In an example, the high salinity water phase
may include about 13% salt by weight. Because the super-
natant phase includes little 1T any salt (e.g., no more than 1%,
no more than 0.5%, no more than 0.2%, no more than 0.1%,
or no more than 0.05% by weight), this supernatant can be
separated mto a low salinity water phase and a phase
including the 1on-stripping liquid and some dissolved water,
by simply cooling the supernatant phase (e.g., to 25° C. to
50° C., or 30° C. to 40° C.), and allowing it to settle, e.g.,
in a second separation tank 1144/1145b, e.g., at such reduced
temperature. The low salinity water phase may include, e.g.,
only 0.05% or less salt, 1.e., 1t may consist substantially of
walter.

The low salinity water phase (which may also be rela-
tively cool) and the high salinity water phase (which may be
warmer) may be fed into a pressure retarded osmosis pro-
cess, a reverse electro-dialysis process, or another process
which 1s able to use the salinity gradient differential to
produce electricity. Such a combined process which uses
low grade (e.g., waste or solar) heat to create the salinity
gradient, followed by use of such salinity gradient to gen-
erate electricity provides a beneficial use for such low grade
heat, which 1s often otherwise considered useless, as a waste
product. In addition, such processes may be suitable for use
in environments where electrical power from an electrical
orid may be unavailable, very expensive, unreliable, or the
like. The described systems may be relatively compact, e.g.,
s0 as to perhaps even be portable (e.g., a truck or trailer
mount system), or for use 1 an individual home or building,
so as to provide electrical power to such home or building
in such environments where electrical power may otherwise
be diflicult to access.

Regeneration of a medium salinity liquid stream 104 can
be achieved, for starting the process 100 again, by simply
drawing ofl appropriate amounts (e.g., equal to the mput of
both streams into the power generating portion of the
system) from the high and low salinity streams 104a, 1045,
and combining these exit streams of high and low salinity
streams to form that portion of the medium salinity stream
104 that 1s made up of the salt and water. This medium
salinity stream can of course be mixed with the 1on-stripping
liquid (e.g., from the second separation tank) stream 106, to
regenerate the medium salinity stream that includes the
water, salt, and 1on-stripping liquid, for cycling through the
process again (e.g., into first separation tank 110, after
mixing all streams together 1n mixing tank 102).

Because the system 1s closed, the same liquid materials
can be cycled through the system continuously, and indefi-
nitely. Thus, there 1s no need to add any outside material to
the system, which greatly reduces the risk of fouling of any
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membrane (e.g., semipermeable membrane) in the PRO
process, RED process, or other osmotic process for produc-
ing electricity. For example, neither river water nor seawater
need be used, and such would actually be undesirable 1n the
present system, as such materials include biological mate-
rials therein, which will invariably result in increased foul-
ing of such membrane, as well as fouling of various surfaces
within other components of the system (e.g., piping, settling
tanks, heat exchanger surfaces, etc.). The streams used may
be sterile, so as to avoid such microbial or other biological
fouling. The sealed, closed nature of the present system and
method 1s particularly advantageous. The continuous opera-
tion of the system (e.g., as opposed to a batch process) 1s also
advantageous, whereby the same material may be cycled
throughout the system indefinitely, without requiring any
material 1nputs.

Referring again to FIG. 1, an exemplary process and
system 100 may include a mixing tank 102 1n which the high
salinity stream 104a and the low salinity stream 1045 are
mixed with the 1on stripping liquid stream 106. As shown,
high and low salinity streams may be premixed into a
medium salinity stream 104 (prior to addition of the ISL
stream 106) before reaching mixing tank 102. The medium
salinity stream 108 including water, salt, and ISL may be fed
to a first (e.g., high temperature) separation tank 110, for
separation mto a high salinity stream 104a (1.e., “brine™).
Such high salinity brine stream 104a may also be taken from
mixing tank 102. Separation tank 110 also produces a
supernatant stream 112, which may be substantially free of
the salt, such that the stream 112 may include water and the
ISL. Such stream may be cooled from the hot processing
temperature of the first separation tank (e.g., at 40° C. to 80°
C., such as from 70° C. to 80° C.), e.g., cooled down to about
30° C. (e.g., 25° C. to 40° C.), or even lower 1f ambient
temperature permits such (e.g., 10° C. to 20° C.). Such
cooled supernatant stream 112 may be fed into a second
separation tank 114 (FIG. 1 shows a series of 2 separation
tanks, mcluding an electrocoaleser 114a followed by sepa-
ration tank 1145). Treatment with such an electrocoalescer
may improve the efliciency of separating the fresh water
from the ISL. For example, it may reduce separation time by
more than 10x (e.g., from 10x to 100x, as compared to
gravity separation alone). The water stream 1045 may
compositionally be substantially pure water. The separated
ISL stream 106 from the second (low temperature) separator
1145 1s then ready to be returned to the mixing tank 102, for
starting the process again.

Either or both separation tanks 110, 1145, as well as any
of the mixing tank 102, and/or electrocoalescer 114a may be
insulated, 1n order to aid in maintaining the desired tem-
perature of the particular tank or other device. In the first
separation tank 110, 1t 1s desired to maintain the elevated
temperature (e.g., 40° C.-80° C., such as 70° C.-80° C.)
achieved in the heated mixing tank 102 or other heat
exchanger, 1n order to increase the salt loading 1n the high
salinity liquid phase that eventually separates from the
supernatant. For this reason, the separation tank 110 may be
insulated, and/or may be actively heated, where desired. The
second separation tank 1145 1s maintained at a lower tem-
perature (e.g., about 30° C.) as compared to the first sepa-
ration tank 110, as here 1t 1s desired to cause the water 1n the
supernatant stream 112 to fall out of solution, and form the
low salinity liquid phase (stream 10456) at the bottom of the
second separation tank 11456 as 1t does so.

FIG. 1 illustrates feeding of the high salinity liquid stream
104q 1nto a pressure retarded osmosis process, where stream
104a and low salinity liquid stream 10456 are fed into first
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and second chambers 116a, 1165, respectively, separated by
a semipermeable membrane 118. Because of the salinity

gradient provided between such streams, (and chambers
1164 and 1165), water from chamber 1165 will flow through

membrane 118 into chamber 116a, increasing the pressure of 2

the liquid 1n chamber 1164a. The salt will remain 1n chamber
116a. Such pressurization (gauge pressure) may be signifi-
cant (e.g., at least 1 bar, at least 3 bars, at least 5 bars, at least
10 bars, such as 1 bar to 50 bars, or 1 bar to 30 bars, or 1
bar to 10 bars as compared to chamber 1165, which may
simply be at or near atmospheric pressure. This pressurized
stream 104q exiting chamber 116a may be used to drive a
turbine 120. Such stream 104a may also be used to increase
the pressure of the high salimity liquid stream coming from
the directional solvent extraction (DSE) portion of the
process, prior to introduction of such stream 104a 1nto
chamber 116a, e.g., as shown 1n pressure exchanger 122.
After use 1n driving turbine 120, the high salinity liquid

stream 104a may be conveyed for mixing with low salinity
liquid stream 104b, e.g., as mixed stream 104, towards
mixing and heating tank 102.

In an embodiment, the weight fraction of 1on-stripping
liquid 1n the medium salinity stream being fed into the first
separation tank 110 (e.g., which includes the water, salt and
ion-stripping liquid) may be greater than 30%, greater than
40%, or greater than 50%, such as 50-70%. The water and
salt may thus account for less than a majority of the medium
salinity stream (e.g., less than 50%, such as about 40% by
weight). The salt may account for about 5% to about 40%,
3% to 30%, or 5% to 28% by weight of the medium salinity
stream, while the water may account for 50% to 95%, 60%
to 95%, 70% to 95%, or 72% to 953% by weight of the
medium salinity stream.

The 1llustrated pressure retarded osmosis process of FIG.
1 1s merely one example of a process that may use the
salinity gradient produced by the directional solvent extrac-
tion (DSE) process to produce electrical power. FIG. 11
illustrates coupling of the DSE process as in FIG. 1 with a
reverse electro-dialysis (RED) process portion to produce
clectricity. For example, such process 1s otherwise similar to
that of FIG. 1, but chambers 1164 and 11654 are shown as
including electrodes 128a and 128b positioned therein,
respectively. Because of the salinity gradient between cham-
bers 116a and 11654, electrical current will flow from one
clectrode to the other, as a generated electrical current. It will
be apparent that mn such an embodiment, the salt selected
will need to be suitable as an electrolyte 1n such solutions in
chambers 116a, 1165, for electrical generation to occur.
Exemplary appropniate electrode materials for electrodes
128a, 1285 may include, but are not limited to, various
clectrically conductive metal maternials. In an embodiment,
the electrodes may include a Ag/AgCl or Ti—Ru—Ir elec-
trode. It will be apparent that various other electrical gen-
eration processes may be used to convert the salinity gra-
dient into electrical power.

By way of example, 1n an embodiment, medium salinity
stream 104 before mixing with the ISL stream may include
1.5% to 14% salt and 86-98.5% water. High salinity stream
104a may include 3% to 28% salt and 72-97% water. Ion
stripping stream 106 may include 1-5% water and 95-99%
ion stripping liquid. Low salinity stream 1045 may include
99.9 to 100% water (e.g., less than 0.1% salt). Mass balances
could be performed on the system (e.g., of F1IG. 1, 5,7 or 11)
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using the above and the exemplary mass flow rates of Table
1, to dertve exemplary composition information for any of

the system streams.

Various calculations were performed relative to the pro-
cess seen 1n FIG. 1. In such calculations, the salt perme-
ability and concentration polarization were neglected in the
PRO process when calculating power generation.

The feed tlow rate fraction 1s defined as the ratio between
flow rates of feed solution (ifresh water produced from
DSE—-stream 1045, in chamber 1165) and the mixed feed
and draw solution (mixture of brine and fresh water 1n
chamber 116a). An optimal feed flow rate fraction exists
which can yield the maximum specific power generation.
The optimal 1n1tial feed tlow rate fraction can be calculated
as follows:

Cr cp.o —AP/(VRT)

';bt_? ,CT(&P) — —
g CD,0+CF0

CDOTCFO

where ¢.* 1s the critical feed concentration. In the PRO
module the feed concentration increases due to the salt
permeability, and the driving force of the PRO vanishes as
Capproaches ¢.*. ¢, 18 the mitial draw concentration. ¢,
1s the 1nitial feed concentration. AP 1s the applied hydraulic
pressure. R 1s the universal gas constant; T 1s temperature.
v 1s Van’t Hofl’s constant. For example, for NaCl solution,
v 1s 2.

The maximum specific power generation (power genera-
tion per umt volume of mixed feed and draw solution) 1s:

CDO—CF O — QP/(VRT)

Wmax,CT(&P) = AP
Cp,o+CF0

The corresponding optimal mnitial flow rate fraction 1s
Opp.c{AT/2)=0.5 for counter-current tlow, 1.e., an optimal
volume fraction of the feed solution and the mixed solution
may be 0.5 (1.e., so that equal volumes of stream 104a and
10456 are being fed into chambers 116a and 1165H, respec-
tively). The resultant maximum specific power generation
(power generation per volume mixing solution) 1s:

2
} _ VRT (cpo—cFo)
wmm:,CT - A

Cpo T CFO

To achieve the optimal volume fraction, the recovery ratio
of the DSE process may be designed to be about 0.5. For
example, the recovery ratio may be from about 0.4 to about
0.6, or from 0.45 to about 0.55. The concentrated brine and
purified water produced 1n the DSE process (as streams 104a
and 1045, respectively) are channeled as draw solution and
feed solution to the PRO process, into chambers 1164 and
1165, respectively.

The mfluence of the input saline salt concentration of the
DSE process (the feed stream 104 into tank 102 1n FIG. 1)
on the ultimate PRO specific power generation 1s shown 1n
FIG. 2. As shown, as the input solution concentration
increases, the specific power generation increases linearly.
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Below 1s provided an analysis of the DSE process to
estimate the thermal energy needed to produce 1 m” of fresh
walter.

DSE process: water yield Y: the ratio of mass flow rate of
purified fresh water and the directional solvent (the ion
stripping liquid) 1s

State T (° C.) P (kPa)

80
80
40
40
40
80
25
25
80
80
80
40

o — O D 00 =1 O b B L) b

L b L b L b L b L b L b L b L b L b L b L b L b
F F F F F F F r F F F F
L b L L L L L L L L L L L L L L L L L L L L L b
r r r r r r r r r r r r

Recovery ratio RR: the mass flow rate of purified fresh

water (stream 1045 out of DSE) to mass tlow rate of saline
(stream 104a out of DSE) 1s

mw
KK = —
mp

The thermal energy consumption 1n the DSE process may
be a key parameter influencing the efliciency of power
generation. The less thermal energy needed to produce the
same amount of fresh water, the higher the overall ethiciency.
The water vield of the DSE process determines the heat
input needed per unit fresh water produced. FIG. 3 shows the
water yvield from the inventors earlier work (S. Alotaibi, O.
M. Ibrahim, S. R. Luo, T. F. Luo, Modeling of a continuous
water desalination process using divectional solvent extrac-
tion, Desalination, 420 (2017) 114-124), incorporated herein
by reference 1n 1ts entirety), where octanoic and/or decanoic
acid 1s used as the 10n stripping solvent. Water vield in the
present calculations 1s assumed to be increased by 10 times
according to preliminary results from testing conducted by
the inventors, using alternative 1on stripping liquid solvents,

such as 1onic liquds, such as [EMIM][TI2N].
The thermal energy consumption (TEC): the amount of

input heat consumed to produce one unit volume of purified
walter.

Electrical energy consumption that would be used 1n a
process such as that of FIG. 1 mainly includes three parts:
pump, mixing, and separation.

EEC,,~EEC,+EEC,,+EEC,

10

h (kJ/kg)

35

40

45

50

55

60

65

131.6
120.9

125.0 910.7

14

Assuming the continuous DSE process 1s at steady state,
the thermal energy consumption and electrical energy con-
sumption are estimated to be as shown in FIGS. 4A and 4B.

FIG. 5 shows a schematic of an exemplary continuous
DSE process, such as that of FIG. 1, without heat recovery.
There are two heat inputs, with one at 124 for heating the
feed saline water stream 104 and one at 126 for heating the
directional solvent 10n stripping liquid.

Table 1 shows various thermodynamic state properties for
the continuous DSE process of FIG. 5, without heat recov-
ery, using octanoic acid as the directional solvent 1on strip-
ping liqumd. The “state” markers 1-12 shown in Table 1

correspond to the locations for such markers shown on FIG.
5.

TABLE 1

p (kg/m®) m (kg/s) Description
13.2
13.2
14.1
11.6
11.6

Octanoic acid/water

Octanoic acid/water

Octanoic acid/water + water
Octanoic acid/water

Octanoic acid/water

Octanoic acid/water

Sea water (salinity of 35 g/kg)
Sea water (salinity of 35 g/kg)

32.1
32.1
32.1
30.1
30.1
30.1

2.0

2.0

39.7
35.5
21.0

OOND ND ONDAND

99.%8
99.%8

1023.5
1023.5

320.5
123.0
306.7
167.5

997.0
915.%8

1023.1

992.1

2.0
33.1
1.0
1.0

Sea water (sa

ity of 35 g/kg)

Octanoic acid/water + concentrated brine

Concentrated brine (salinity of 70 g/kg)
Fresh water

Due to the increase of water yield using a directional
solvent 1on stripping liquid with improved properties as

compared to that of octanoic acid (e.g., [EMIM][T12N]), the
thermodynamic properties at various state points may
change. In the present report, water solubility 1n octanoic
acid at 25° C. 1s 1.8% and 35.8% at 80° C. (1.e., an increase
of more than 1800%, or 34 percentage points). In the present
calculations, any change in the properties of the mixed
solution are neglected. The density and specific heat may
change slightly with temperature, but can be assumed to be
constant. Table 2 below shows the thermodynamic state
properties after increasing the water yield by 10 times.

TABLE 2

T P
state (° C.) (kPa)

h (kJ
kg™

131.6
120.9
39.7
35.5 11.6
21.0 11.0
125.0  910.7
99.8 1023.5
99.8 1023.5

p (ke
m—) m (kg s7!) Description
solvent/water
solvent/water
solvent/water + water
solvent/water
solvent/water

11 solvent/water

2.0 medium salinity

2.0 medium salinity

80
80
40
40
40
80
25
25

13.2
13.2
14.1

O WD OND ND AND

T R R L e

b — O D 00 ~1 O L B Lo b

80
80
80
40

L b L b L b L b L b L b L b L b L b L b L b L b
r L r L r L r L L L L L
L b L b L b L b L b L b L b L b L b L b L b L b
F F F F r F r F F F F F

320.5
123.0
306.7
167.5

997.0
915.8
1023.1
992.1

2.0
5.11
1.0
1.0

medium salinity
solvent/water + brine
brine

fresh water

The heat mput 1s used to heat the solvent and water
mixture. The mass flowrate of directional solvent needed 1s
equal to the ratio m_ /Y, to produce one unit mass of purified
water. The recovery ratio (RR) may be set to 0.5. The mass
of the input saline can be calculated as 2m (m /RR). The
streams are heated to the highest process temperature (e.g.,

70-80° C.) and pumped into the mixing tank 102. Thus, the
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thermal energy input (Q, ) for the DSE process can be
calculated as follows:

n

— - (hso.7T — BsosT) + 2y - (hg 71 — hpp7)/E

igm.= y

The thermal energy consumption per unit volume of fresh
water produced 1s

(Qm. ggﬂlﬂﬂw Pw
TEC = V.= =5 (Nso1T — AsorT) + 200 - (hp 77 — hp r1)E

where s 1s the efliciency of the heat exchanger (e.g., which
may typically vary from 70% to 95%, such as 80% to about
95%.

FIG. 6 shows the influence of water yield on thermal
energy consumption of the DSE process without heat recov-
ery of FIG. 3. It can be seen that thermal energy consump-
tion decreases with water yield.

According to the configuration seen 1n FIG. 5, the thermal
energy consumption can be calculated as follows:

5-6:
kJ st

State ghe—tshs=3.11%125-3.11%21=323.44

State 8-9: Highg—Highe=2%320.5-2%99 8=441.4 kJ s

Heat mput without heat recovery: 323.44+
441.4=764.84 kJ s~

Thermal energy consumption: 764.84%992.1 kI
m>=210.78 kWh m™>

FI1G. 7 shows a schematic of the continuous DSE process
similar to that of FIG. 1 or FIG. 5, but with heat recovery.
As shown 1n FIG. 7, relatively warmer streams that are being,
cooled can be used to heat those streams that are relatively
cool, and need to be heated. Recovery of such heat, trans-
ferring 1t from one stream to another, greatly reduces the
thermal energy consumption of the process.

FIG. 8 shows the thermal energy consumption of a DSE
process with heat recovery versus water vield (e.g., for the
configuration of FIG. 7). Since all the fluids are liquads, 1t
can be assumed that enthalpy of mixture increases linearly
with temperature. The heat recovery system remains the
same as in FIG. 5, which means the structure and parameters
of the system do not change. FIG. 8 shows the thermal
energy consumption of the DSE process with heat recovery
versus water yield. It can be seen that heat recovery can
lower the thermal energy consumption significantly.

FIG. 9 shows the thermal energy consumption of DSE
process with heat recovery versus heat exchanger efliciency.
The thermal energy consumption decreases with heat
exchanger efliciency. While yield 1s set at 32% 1n FIG. 9, 1t
will be appreciated that yield may vary, e.g., from 5% to
50%, such as from 20% to 40%, or 30% to 35%. FIG. 6
shows how yield aflects thermal energy consumption, and
that higher vyields generally reduce the thermal energy
required by the process.

According to the configuration of FIG. 7, the thermal
energy consumption can be calculated as follows:

State 7-8: mighg—#-#,=3.11%(125-21)/4=80.86 kJ s~

5.5=80.25 kI s~
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Heat input with heat recovery: 80.86+80.25=160.11
kT s

Thermal energy consumption: 160.11*%992.1 kJ
m>=44.12 kWh m™

Pump Electricity:

VAP

Pp =
ptle

The flow velocity 1n the heat exchanger may be kept
unchanged. The pump electricity consumption 1s propor-
tional to the volume flow rate and the pressure drop across
the heat exchanger. Total pump electricity consumption 1s
calculated to be about 0.06 kWh m™.

For pump 3 of FIG. 7, the volume flow rate 1s as follows

My My,

Y 050

v& = — +
Pw

For pump 2 of FIG. 7, the volume flow rate 1s

My

V, =
* 7 Yoo

For pump 1 of FIG. 7, the volume flow rate 1s

My,
~ RRpp

Vi

Thus, the pump electricity consumption can be calculated as
tollows

. VIAP, V,AP, V3AP;
Pp = + + =
Hrhe 1phe nPHe
m,,, m,, AP, m,, \ AP, m,, \AP;
S el L Pl
Pw Yoo /mPNe (NYpoo/npn.  \RRpp/npn,.

The pressure drop across the heat exchanger can be calcu-
lated by the following equation:

L v
ﬁp:fﬁD—hj

We note that the pump power may be further reduced with
better heat exchanger design, where the pressure loss 1s the

most significant.
The mixing electricity consumption:

PNpw’ D3,
e

Py

The volume tlow rate of the mixture 1s about 1/6.5 (about
15%) of that 1n the previously referenced inventors” litera-
ture, after increasing the water vield by 10 times. The
diameter of the pump 1mpeller may be about 1/1.87 (about
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50-55%) of that reported previously. Thus, the mixing
clectricity consumption may be about 23 (about 4%) of that
reported previously. The electricity consumption may thus
be very low and may be neglected.
The Separation Electricity Consumption:
Electricity consumption per volume emulsion EEC

about 0.053 kWh m™>

1S

=¥

EEC.=EEC,,,/¥=0.053*3.11=0.1683 kWh m>.

The total electricity consumption 1s about 0.5983 kWh
m~ for one unit of fresh water produced. FIG. 10 shows the
clectricity energy consumption versus water yield. Results
show that electricity consumption decreases with water
yield.

When the heat exchanger efliciency 1s set at 80%, the
maximum thermal to electricity efliciency obtained may be
about 4.81%. If pumping and separation electricity con-
sumption were further reduced, the efliciency may reach
5.36%.

Further improvements may be possible by identifying
higher performance solvents for use as 10n-stripping liquids,
by optimizing process design to improve heat recovery and
mimmize pumping losses, and to design high performance
PRO membranes and systems to enhance electricity produc-
tion efliciency from a given salinity gradient.

Features from any of the disclosed embodiments or claims
may be used i combination with one another, without
limitation. It will also be appreciated that the present
claimed invention may be embodied 1n other specific forms
without departing from 1ts spirit or essential characteristics.
The described embodiments are to be considered 1n all
respects only as 1llustrative, not restrictive. The scope of the
invention 1s, therefore, indicated by the appended claims
rather than by the foregoing description. All changes that
come within the meaning and range of equivalency of the
claims are to be embraced within their scope.

The 1nvention claimed 1s:

1. A system for generating electrical energy from low

grade heat, the system comprising:

a medium salinity liquid including water, a salt, and an
ion-stripping liquid;

a first separation tank for separating the medium salinity
liquid into a high salinity liquid stream including an
clevated concentration of the salt, and a supernatant
stream 1ncluding the water and the 1on-stripping liquid;

a second separation tank for separating the supernatant
stream 1nto a low salinity liquid stream including water,
and an 1on-stripping liqud stream including the 10on-
stripping liquid;

wherein the first separation tank maintains the medium
salinity liquid at a higher temperature than a tempera-
ture at which the second separation tank operates, the
medium salinity liguid being heated by low grade heat;

an electrical generation module including a first chamber
for recerving the low salinity liquid stream, and a
second chamber for receiving the high salimity hiquid
stream, the first and second chambers being separated
by a semipermeable membrane, wherein the electrical
generation module 1s configured to generate electricity
from a salinity gradient defined by the high and low
salinity liquid streams;

outlets from the first and second chambers of the electrical
generation module for drawing off exit streams of the
low salinity liquid stream and the high salinity liquid
stream, mixing of the exit streams reforming the
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medium salinity liquid once the exit streams are com-
bined with the 1on-stripping liqud stream from the
second separation tank.

2. A system as recited in claim 1, wherein the 1on-
stripping liquid comprises an organic compound.

3. A system as recited 1n claim 2, wheremn the ion-
stripping liquid comprises an ionic liquid.

4. A system as recited 1n claim 3, wherein the 10nic liquid
comprises a heterocyclic anion.

5. A system as recited in claim 4, wherein the 1omic liquad
comprises [EMIM][T12N].

6. A system as recited in claim 2, wherein the 1on-
stripping liquid comprises a carboxylic acid having from 4
to 20 carbon atoms.

7. A system as recited i claim 1, wherein the salt
comprises at least one of a halide, sulfate, phosphate,
acetate, nitrate, perchlorate, carbonate, or hydroxide.

8. A system as recited i claim 1, wherein the salt
comprises at least one of an alkali metal, or alkaline earth
metal.

9. A system as recited i claim 1, wherein the first
separation tank 1s heated and/or insulated to maintain the
high salinity liquid stream and the supernatant stream at the
higher temperature, which 1s elevated above ambient tem-
perature.

10. A system as recited 1n claim 1, wherein the low grade
heat and the {first separation tank are at a temperature of no
more than 90° C.

11. A system as recited in claim 1, wherein the low grade
heat comprises solar heating or low grade waste heat from
an industrial process.

12. A system as recited in claim 1, wherein the second
separation tank 1s maintained at a lower temperature than the
first separation tank so that the low salinity liqud stream and
the 1on-stripping liquid stream are cooler than the high
salinity liquid stream and the supernatant stream.

13. A system as recited in claim 1, wherein the system 1s
a closed loop, 1n which the medium salinity liquid exiting
the electrical generating module 1s recycled back to the first
separation tank, the low salimity liquid stream and high
salinity liquid stream being free of biological materials that
would induce fouling of the membrane.

14. A system as recited 1n claim 1, wherein the electrical
generating module comprises a pressure retarded osmosis
module.

15. A closed loop method for generating electricity using
low grade heat, the method comprising:

providing a medium salinity liquid including water, a salt,

and an 1on-stripping liquid;

heating the medium salimity liquid with low grade heat

having a temperature of no more than 90° C.;
introducing the heated medium salinity liquid 1nto a first
separation tank, where the heated medium salinity
liquid separates into a high salinity stream including an
clevated concentration of the salt, and a supernatant

stream 1ncluding the water and the 1on-stripping liquid;

extracting the high-salinity stream from the first separa-
tion tank:

extracting the supernatant stream from the first separation
tank;

passing the supernatant stream through a heat exchanger
to cool the supernatant stream and heat another stream

of the method;
introducing the cooled supernatant stream 1nto a second
separation tank where the cooled supernatant stream
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separates mto a low salinity liquid stream including
water, and a 10on-stripping liquid stream including the
ion-stripping liquid;

introducing the low salinity liquid stream from the second
separation tank and the high salinity stream extracted >
from the separation tank into first and second chambers
of an electrical generation module where the first and
second chambers are separated by a membrane,
wherein the electrical generation module 1s configured
to generate electricity from a salinity gradient defined
by the high and low salinity liquid streams;

drawing exit streams from the first chamber and the
second chamber, whereupon mixing such exit streams,
the medium salinity liquid is reformed once combined

with the 1on-stripping liquid stream from the second
separation tank, for reintroduction back to the first
separation tank.

16. A method as recited 1n claim 15, wherein a difference
in salt content between the high salinity liquid stream and
the low salinity liquid stream 1s at least 5 percentage points.

17. A method as recited in claim 15, wherein the electrical
generating module comprises a pressure retarded osmosis
module.

18. A method as recited in claim 15, wherein separation ot .
the high salinity liquid stream from the supernatant stream
occurs due to gravity, in the first separation tank.

19. A method as recited 1n claim 15, wherein separation of
the low salinity liquid stream from the i1on-stripping liquid
stream occurs due to gravity, in the second separation tank.

20. A system for generating electrical energy from low
grade heat, the system comprising:

a medium salinity liquid including water, a salt, and an

ion-stripping liquid;

a first gravitational separation tank for separating the

medium salinity liquid into a high salinity liguid stream
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including an elevated concentration of the salt, and a
supernatant stream including the water and the ion-
stripping liquid;

a second gravitational separation tank for separating the

supernatant stream into a low salimty liquid stream
including water, and an 1on-stripping liquid stream
including the 10n-stripping liquid;

wherein the first gravitational separation tank maintains

the medium salinity liquid at a higher temperature than
a temperature at which the second separation tank
operates, the medium salinity liquid being heated by
low grade heat, wherein the first separation tank oper-
ates at 40° C. to 80° C., and the second separation tank
operates at 20° C. to 40° C., the first separation tank
operating at a higher temperature than the second

separation tank;

a pressure retarded osmosis electrical generation module

including a first chamber for receiving the low salinity
liquid stream, and a second chamber for receiving the
high salinity liquid stream, the first and second cham-
bers being separated by a semipermeable membrane,
wherein water from the low salinity liquid stream in the
first chamber migrates to the high salinity liquid stream
in the second chamber as a result of a salinity gradient
defined by the high and low salimity liquid stream,
increasing the pressure 1n the second chamber;

an outlet from the second chamber drawing ofl pressur-

1zed high salimity liquid from the second chamber to
drive an electrical generation turbine

an outlet from the first chamber drawing ofl low salinity

liquid from the first chamber, for combination with the
drawn ofl high salinity liquid exiting the electrical
generation turbine, to reform the medium salinity liquid
once combined with the ion-stripping liquid stream
from the second separation tank.

G o e = x
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